Gas Separation of Carbon Dioxide from Methane Using Polysulfone Membrane Incorporated with Zeolite-T  by Mohamad, Maisarah Bt et al.
 Procedia Engineering  148 ( 2016 )  621 – 629 
Available online at www.sciencedirect.com
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPEAM 2016
doi: 10.1016/j.proeng.2016.06.526 
ScienceDirect
4th International Conference on Process Engineering and Advanced Materials 
Gas Separation of Carbon Dioxide from Methane using 
Polysulfone Membrane Incorporated with Zeolite-T 
Maisarah Bt Mohamad, Yeong Yin Fong*, Azmi Shariff 
Chemical Engineering Department, Universiti Teknologi PETRONAS, Perak, Malaysia 
Abstract 
In this work, a series of mixed matrix membranes (MMM) were produced by incorporating zeolite-T particles 
into the polysulfone (PSf) membrane. Membranes obtained were characterized using Field Emission Scanning 
Electron Microscope (FESEM), Energy Dispersion X-Ray (EDX) and the permeability and selectivity of 
CO2/CH4 of the membranes were tested. For pure polysulfone membrane, the permeability obtained were 
12.33 and 4.69 for CO2 and CH4 respectively, meanwhile the CO2/CH4 ideal selectivity was 2.63. The results 
showed that by incorporating 4 wt% of zeolite-T into polysulfone, a highest CO2/CH4 ideal selectivity of 3.37 
was obtained. Meanwhile, the highest permeability value for CO2 and CH4 of 82.3 GPU and 31.2 GPU 
respectively were obtained by using polysulfone membrane loaded with 3wt% of zeolite-T particles. Overall, 
all the resultants MMM showed higher permeability and selectivity compared to pure polysulfone membrane. 
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1. Introduction 
In the recent year, the demand for natural gas as an efficient and cleaner fuel has been increasing. 
However, it is estimated that more than 2% of CO2 is contained in every 50% of the volume of 
known gas resources, which has caused the increase in the needs for research in gas sweetening 
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process[1]. The current existing technologies reported for CO2 removal include thermal swing, 
pressure swing and displacement desorption for adsorption, membrane and cryogenic method [2]. 
Among these technologies, membrane offer significant advantages as compared to the others.  
 
Nevertheless, polymeric and inorganic membranes have been reported intensely for the removal 
of CO2 from natural gas. Due to the drawbacks of using polymeric membrane in CO2 separation 
from CH4, particularly the trade-off between permeability and selectivity as propounded by 
Robeson [3], researchers have diverted into a new type of membrane material namely mixed matrix 
membranes. Mixed matrix membranes, produced by incorporating inorganic filler into polymeric 
membrane, has become an attractive material in order to overcome the disadvantages found in both 
inorganic and polymeric membranes [2, 6 – 8].  
Polysulfone was chosen in this study as it contains several advantages, apart from being a well-
known polymeric membrane that has been frequently reported by the researchers and commercially 
used in the industries [7]–[9]. CO2 is preferentially adsorbed in polysulfone matrix compared to 
CH4 mainly due to the similarity of its structure to sulfonyl group and its higher critical temperature 
[20]. Besides, polysulfone membrane also exhibits profitable properties such as good mechanical 
strength, compaction resistance and good thermal resistance [21]. 
Zeolite-T is chosen among the family of zeolite as inorganic filler in the present work. Zeolite-T 
contains a Si/Al ratio of 3 – 4 and possesses a diameter of 0.36 nm x 0.49 nm which could 
selectively separate CO2 from CH4 due to the molecular sieving effect. The diameter of CO2 and 
CH4 are 0.33 nm and 0.38 nm respectively. Consequently, the pore size of zeolite-T could help to 
transport CO2 easily compare to the much larger CH4 molecule.  
The development of a suitable membrane material, however, has proven to remain as a 
challenging task for CO2 separation. One of the main challenges is to obtain a good interfacial 
contact between the continuous polymer based and inorganic filler because the formation of voids 
will possibly worsen the separation performance of the resultant mixed matrix membrane, as well as 
agglomeration, sedimentation and pinholes. Therefore, the current work is aim to develop a new 
combination of MMMs material which contain polysulfone and zeolite-T and to test their 
performance in CO2 and CH4 separation, which has yet to be reported in the literature so far.  The 
resultant membranes were characterized using FESEM and EDX. 
2. Method 
2.1. Materials and membrane preparation. 
Zeolite-T was prepared based on the procedure reported by Mirfendereski et al [22] with some 
modifications. The molar composition of the synthesis gel, basis on 100g gel, was as followed: 
1SiO2: 0.04Al2O3: 0.26Na2O: 0.09 K2O: 14H2O. The synthesis solution were first prepared by 
adding sodium hydroxide (NaOH, Fisher) and potassium hydroxide (KOH, Emsure) into deionized 
water under stirring until it reaches ambient temperature. Then, sodium aluminate (NaAlO2, 
Aldrich) was added gradually into the solution prepared before and mixed vigorously. After that, 
the solution was continuously stirred for 1 hour until a clear solution was achieved. Silica (Aldrich) 
was added to the solution under slow stirring and left to stir for 24 hours. The mixture was then 
sonicated for 1 hour before it was placed in a Teflon-lined autoclave and hydrothermal growth in 
the oven (Memmert Isotemp Oven) at 120°C for 24 hours. The autoclave was then taken out and 
the solid crystals were filtered and rinsed with distilled water before it was again dried in the 
vacuum oven at 100°C overnight.  
In the preparation of pure polysulfone membrane,   a composition of 25wt.% of polysulfone and 
75 wt.% of NMP were used. The polysulfone pallets (Aldrich) were first dried under vacuum for 24 
hours to remove excess moisture. Then, it was mixed in N-Methyl-2-Pyrrolidone (NMP) solution at 
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ambient temperature for 10 hours. Prior to casting, the solution was degassed for 4 hours and left 
for free standing for another 24 hours to eliminate microbubbles trapped in the solution. To cast a 
flat sheet layer membrane, the casting solution was poured onto a clean glass plate and cast using a 
casting knife at a thickness gap of 0.25mm at ambient temperature. After leaving it for a few 
seconds, the glass plate with the flat layered membrane was immersed in DI water for 24 hours 
before solvent-exchanged with methanol for 2 hours. The membrane was then dried in open air and 
kept in desiccator prior to use. 
Mixed matrix membranes were prepared by stirring zeolite-T in NMP solution for 30 minutes 
and then sonicated for 30 minutes. By using the priming method, 10wt.% of total amount of 
polysulfone solution was mixed into the zeolite-T solution for 30 minutes. The solution was 
subsequently sonicated for 30 minutes before adding in the remaining polysulfone and was 
vigorously stirred for 1 hour. After that, the solution was degassed for another 30 minutes before 
cast on a smooth flat glass plate using a casting knife with a thickness gap of 0.25mm. For solvent 
exchanged and drying, similar procedure for producing pure PSf membrane was followed. Table 1 
shows the membrane synthesized in the present work. 
 
Table 1. Zeolite-T/PSf mixed matrix membranes 
synthesized in the present work using different 
loading of zeolite-T 
Membrane Loading of Zeolite-T (wt%) in 
PSf 
PSf-00 0 
PSf-05 0.50 
PSf-1 1.00 
PSf-2 2.00 
PSf-3 3.00 
PSf-4 4.00 
PSf-5 5.00 
 
2.2. Sample characterization 
Membrane samples were sent for further characterization using a Variable Pressure Field 
Emission Scanning Electron Microscope (VPFESEM, Zeiss Supra55 VP) to determine the 
membrane morphology. The membrane was cut using liquid nitrogen into half before scanning. 
Energy dispersive X-ray (EDX) analysis was also conducted to confirm the dispersion of the 
zeolite-T particles in the membrane.  
2.3. Gas performance testing 
The performance of the resultant mixed matrix membrane was tested using gas permeation test 
rig and single gas permeation test was conducted for CO2 and CH4 gasses. The testing was carried 
out using a constant pressure method with feed pressure of 2 bar at ambient temperature. The 
volumetric flow rate of the permeate gas was measured using a bubble flow meter attached to the 
membrane permeation test rig.  
In the study, the unit for gas permeation measurement used is Gas Permeation Unit (GPU), 
where 1 GPU is equal to 10-6cm3 (STP)/cm2 s cm Hg. The permeability of CO2 and CH4 in the gas 
mixture is determined using the equations (1-2) as follows [23] : 
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Where Pi (GPU) is a ratio of flux (Ji, cm3s-1(STP)s-1cm2) to pressure drop (ΔP, cmHg) through 
the membrane, while 4
2
CH
COD
 is the ratio of CO2 permeance to CH4 permeance. The membrane area 
was maintained at 0.6362 cm2. 
3. Results and discussion 
3.1. Characterization Study 
FESEM was used to study the cross-sectional and surface morphology of the PSf membrane and 
the MMMs. Fig. 1 shows the cross-sectional view of the membranes fabricated in the present work. 
Referring to Fig. 1, all membranes show nearly similar morphology and a dense layer that 
contributes to the gas permeability of the membranes is observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Cross-sectional view of FESEM micrographs with magnification 350x for (a) PSf-00, (b) PSf-05, (c) PSf-1, (d) 
PSF-2, (e) PSf-3. (f) PSf-4 and (g) PSF-5 membranes 
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The distribution of zeolite-T particles on the surface of the polymer matrix was observed in Fig. 
2 and analysed by EDX. The incorporation of zeolite-T into the polysulfone membrane has resulted 
in agglomeration of particles in most membranes. This is mainly due to the lack of strong adhesion 
between the polysulfone membrane and zeolite-T particles. It can be observed in Fig. 2 that larger 
aggregates are formed when higher percentage of the zeolite-T particles was incorporated into the 
membrane. These aggregations caused large pore formation which explained the low performance 
in CO2/CH4  selectivity of the membrane as shown in Table 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Surface view using FESEM micrographs (a) PSf-00, (b) PSf-05, (c) PSf-1, (d) PSF-2, (e) PSf-3. (f) PSf-4 and (g) 
PSF-5 membranes 
 
The distribution of zeolite-T particles in polymer matrix was analyzed by EDX. Fig. 3 shows the 
EDX mapping results of MMM loaded with different compositions of zeolite-T. A high intensity of 
carbon (C) and sulphur (S) elements which represent the PSf polymer matrix were detected in the 
membrane. The presence of zeolite-T in the polymer matrixes was verified by the Si peak shown in 
Fig. 3. In pure polysulfone membrane, there was no Si detected. It can be seen from Fig. 3 that the 
EDX mapping result shows well distribution of Si in the polymer matrix regardless on the loadings 
of zeolite-T in the membranes. Table 2 shows the weight percentage of Si element in the 
membranes obtained from EDX. 
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Table 2. Weight Percentage of Si in pure polysulfone and MMM using EDX. 
Sample Weight  Percentage (%) 
PSf-00 0.00 
PSf-05 0.24 
PSf-1 0.41 
PSf-2 0.63 
PSf-3  10.79 
PSf-4 11.33 
PSf-5 16.77 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. EDX mapping for (a) PSf-05, (b) PSf-1, (c) PSF-2, (d) PSf-3. (e) PSf-4 and (f) PSF-5 mixed matrix membranes 
3.2. Gas permeation results 
Single gas permeation measurements for CO2 and CH4 gases were performed for all fabricated 
membranes. The effect of the loading of zeolite-T on the permeability and selectivity of 
polysulfone has been studied and the results are shown in the Table 3. 
In this work, NMP solvent is the only solvent used in preparing the dope solution for PSf 
membrane. The permeability of pure PSf membrane (PSf-00) obtained in this study are 12.33 for 
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CO2 and 4.69 for CH4 with the CO2/CH4 ideal selectivity obtained is 2.63 which were comparable 
with those reported values in the literature [7].  
From Table 3, the permeability for both CO2 and CH4 gases increases with the increase in the 
percentage of zeolite-T in polysulfone up to loading of 4 wt% (PSf-4). The permeability, however, 
decreases at the zeolite-T loading of 5 wt% (PSf-5) in polysulfone. On the other hand, CO2/CH4 
selectivity increased from 2.63 for pure PSf membrane (PSf-00) to 3.37, as the loading of zeolite-T 
increased to 3 wt% (PSf-3).The selectivity, however, decreased when the loading of zeolite-T 
increased to 4 wt% (PSf-4) and further reduced to 1.41 at loading of 5 wt%. It can be observed 
from Table 3that, a tremendous increase in the gasses permeation can be achieved when an 
optimum amount of zeolite-T particles is incorporated into the PSf membrane. 
Meanwhile when 0.5 wt% of zeolite-T particles was incorporated into the membrane, the 
permeability of CO2 and CH4 increased drastically to 58.90 GPU and 20.10 GPU, respectively. 
However, slight decrease in CO2/CH4 selectivity from 2.63 for pure PSf membrane to 2.42 was 
found. The CO2/CH4 selectivity was then increased from 2.42 for PSf-05 to 2.96 for PSf-1. The 
highest permeability was observed for PSf-4 membrane with CO2 permeability of 82.3 GPU and 
CH4 permeability of 31.2 GPU.  
      Table 3. Gas permeation and ideal selectivities of pure polysulfone and 
MMM at ambient temperature and pressure of 2 bar. 
Sample Permeability (GPU) CO2/CH4 ideal selectivity 
 CO2 CH4  
PSf-00 12.33 4.69 2.63 
PSf-05 58.90 20.10 2.42 
PSf-1 61.00 20.60 2.96 
PSf-2 63.20 21.10 3.00 
PSf-3 78.90 23.40 3.37 
PSf-4 82.30 31.20 2.64 
PSf-5 66.80 47.30 1.41 
*1 GPU=10−6 cm3 (STP)/cm2 cmHg s.                  
 
From these results, an enhancement of 567.47% for the CO2 permeability was obtained in this 
work when 4 wt% of zeolite-T was incorporated in to polysulfone. On the other hand, the highest 
CO2/CH4 ideal selectivity of 3.37 was observed for MMM loaded with 3 wt% of zeolite-T (PSf-3), 
with an increment of 28.1 % compared to pure polysulfone membrane.  
From the gas permeation results, the CO2/CH4 selectivity dropped at higher loading of 4 wt% 
and 5 wt% of zeolite-T might be due to the agglomeration of zeolite-T in the polymer matrix when 
the loading of zeolite-T increased. Subsequently, further increment of zeolite-T loading up to 5 
wt% has caused the reduction of CO2 permeance, while the CH4 permeance increased to 47.3 GPU. 
Besides, the selectivity of CO2/CH4 also decreased to 1.41. This can be due to zeolite-T aggregates 
in the PSf-5 polymer matrix which has disturbed the dense layer surface structure by generating 
large interfacial voids [25]. Therefore, the membrane resistance to bigger molecules decreased and 
caused the gas molecules of CH4 easily penetrate into the membrane via the large interfacial voids. 
The particle distribution and loading amount of the zeolite-T particles in the membrane greatly 
affects the separation performance.  
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4. Conclusion 
Zeolite-T/PSf mixed matrix membranes have been fabricated by incorporating 0.5, 1, 2, 3, 4, and 
5 wt% of zeolite-T into PSf polymer. The resultant membranes were characterized using FESEM 
and EDX in order to observe the morphology and dispersion of zeolite-T particles in the membrane. 
Gas permeation has been tested on pure PSf membrane and MMMs by using CO2 and CH4 gases. 
By incorporating zeolite-T into polysulfone membrane, the permeability of the MMM was 
increased up to the loading of 4 wt% while the CO2/CH4 selectivity was increased when the loading 
of the zeolite-T reached 3 wt%. The increment in CO2/CH4 selectivity achieved in this present work 
was 28.1%. The increase in the permeability and selectivity of the membranes could due to 
appropriate loading of particles in the membranes. The decrease in both the permeability and 
selectivity of the membranes after the optimum loading of zeolite-T could be mainly due to the 
interfacial voids and agglomeration that disrupted the penetration of the CH4 gas through the 
membranes. 
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